Abstract-Stationary objects appear to move in the opposite direction to a pursuit eye movement (Filehne illusion) and moving objects appear slower when pursued (Aubert-Fleischl phenomenon). Both illusions imply that extra-retinal, eye-velocity signals lead to lower estimates of speed than corresponding retinal motion signals. Intriguingly, the velocity (i.e. speed and direction) of the Filehne illusion depends on the age of the observer, especially for brief display durations (Wertheim and Bekkering, 1992) . This suggests relative signal size changes as the visual system matures. To test the signal-size hypothesis, we compared the Filehne illusion and Aubert-Fleischl phenomenon in young and old observers using short and long display durations. The trends in the Filehne data were similar to those reported by Wertheim and Bekkering. However, we found no evidence for an effect of age or duration in the Aubert-Fleischl phenomenon. The differences between the two illusions could not be reconciled on the basis of actual eye movements made. The ndings suggest a more complicated explanation of the combined in uence of age and duration on head-centred motion perception than that described by the signal-size hypothesis.
INTRODUCTION
The population is ageing. For instance, Grundy (1994 , cited in Charman, 1997 estimates that by the year 2031, 17 million people over 55 years of age will hold a valid UK driving licence, compared to the 10 million driving license holders recorded at the time of survey. The number of elderly observers engaging in tasks requiring reliable and intact motion perception is therefore set to increase. Yet we are only beginning to understand changes in motion perception as the visual system matures. Those studies on motion perception that do exist tend to focus on basic psychophysica l performance, such as motion and icker sensitivit y (Willis and Anderson, 2000) and reaction times to motion onset (Porciatti et al., 1999) . Much less is known about other fundamental processes important to an observer interacting with their world (though see Warren et al., 1989; Schiff et al., 1992; Matheson et al., 1998) . One such process is the ability to compensate for the retinal effects of eye movements.
During an eye movement a largely stationary world sweeps across the retina. Hence, at a local level of analysis retinal motion does not discriminate between movements in the world and movements of the eye. It is thought the visual system compensates for eye movements by combining retinal motion signals with extraretinal motion signals originating in, for instance, commands sent to the eye muscles instructing them to move (von Holst, 1954) . By adding these two signals, retinal motions are transformed into head-centred motions (i.e. movements with respect to the head). Extra-retinal compensation of this form is ubiquitous : it is thought to be involved in many judgements we make, such as the perception of object velocity (Mack and Herman, 1978; Wertheim, 1994; Freeman and Banks, 1998; Turano and Massof, 2001 ) and self-motion (Royden et al., 1992; Perrone and Stone, 1994; Beintema and van den Berg, 1998; Freeman, 1999; Lappe et al., 1999; Li and Warren, 2000) , the judgement of stability by congenital nystagmats (Abadi et al., 1999) and the judgement of depth from actively pursued displays (Freeman and Fowler, 2000) .
Extra-retinal compensation is prone to error. For instance, stationary objects appear to move in the opposite direction to an eye movement (the Filehne illusion ) and moving objects appear slower when pursued (the Aubert-Fleischl phenomenon ) (see Wertheim, 1994, for review) . It is generally accepted that these two illusions demonstrate a fundamental fact about head-centred motion perception: extraretinal, eye-velocity signals provide a slower (i.e. smaller-sized ) estimate of speed than retinal signals (Dichgans and Brandt, 1972; Mack and Herman, 1978; Freeman and Banks, 1998) . Thus, if by some devious psychophysica l trick one is able to change the magnitude of the Filehne illusion, then the Aubert-Fleischl phenomenon should surely follow (Freeman and Banks, 1998) . We used this idea to explore Wertheim and Bekkering's (1992) intriguing nding that the velocity (i.e. speed and direction ) of the Filehne illusion is a function of age, especially for brief display durations. Wertheim and Bekkering (1992) determined the stimulus velocity at which a large, low frequency grating appeared stationary when an eye movement of approximately 12 ± /s was made across it. The null velocity measures the size and direction of the Filehne illusion: presumably, if a stationary stimulus appears to move in the opposite direction to an eye movement then an observer should move the stimulus in the same direction by a certain amount to render the display perceptually stationary. Wertheim and Bekkering (1992) determined null velocities as a function of age and duration. The slopes of the regressions t to their data suggest the Filehne illusion depends on age, especially at short display durations. Speci cally, for brief durations (<300 ms), young observers (ca. 20 years old) reported a Filehne illusion, middle-aged observers (ca. 40 -50) no Filehne illusion and older observers (ca. 60 onwards) a reversed illusion. At long durations (>600 ms), however, little effect of age was found.
Wertheim and Bekkering's nding suggests the relative difference between retinal and extra-retinal signals depends on age and duration. We call this the signal-size hypothesis . Wertheim and Bekkering argued that it was in fact changes in the retinal signal that were responsible, this signal becoming increasingly 'undersized' the more transient the stimulus and the older the observer. In certain respects their hypothesis is a sensible one. On each trial the pursuit target moved over the grating at the same speed, distance and duration. Hence, it is reasonable to suggest the size of an individual's extra-retinal signal did not vary as grating duration was manipulated, especially if pursuit gain remained constant as was found. According to the signal-size hypothesis , the only signal that could account for the durationdependent change in the Filehne illusion is the signal encoding retinal motion. However, in order to explain Wertheim and Bekkering's ndings, the retinal motion signal must increase with grating duration, which is intriguing because studies that have examined the effect of transience on perceived retinal speed report the opposite effect (Giaschi and Anstis, 1989; Treue et al.,1993) . For example, Treue et al. (1993) presented their observers with displays containing dots whose longevity could be manipulated. They found that at moderate speeds (4-6 ± /s) transient stimuli containing short-lived dots appeared faster than more sustained stimuli. They accounted for the effect in terms of a motion system that determined speed by comparing activity in a few, broadly-tuned temporal-frequency channels (see, for instance, Thompson, 1984, and Edgar, 1994) . Decreasing dot lifetime increases activity in higher temporal frequency channels and therefore alters perceived speed. To support their idea Treue et al. showed the effect largely disappears at high speeds presumably because the high temporal-frequency channel is already active in this case.
Of course, brie y presented, low-frequency gratings have a spatiotemporal frequency spectrum substantially different than that of a transient dot pattern and so it would be foolish to dismiss Wertheim and Bekkering's claim on these grounds. One obvious test of the signal-size hypothesis is to examine perceived retinal speed of stimuli similar to theirs in young and old observers. Another test is to compare the effect of display duration in young and old, for both the Filehne illusion and Aubert-Fleischl phenomenon. If age and duration interact to determine the size of the Filehne illusion then the same should be the case for the Aubert-Fleischl phenomenon as both are thought to be based on the relationship between retinal and extra-retinal signals. The following experiment examined the latter comparison to investigate the signal-size hypothesis .
METHODS

Stimuli
All stimuli were presented at a frame rate of 100 Hz on a computer monitor and controlled using a VSG 2/3F graphics card housed in a PC. They consisted of random dot patterns displayed through a software-generated annulus window with inner and outer radii of 1 ± and 5 ± , respectively. The dot patterns had a density of 0.64 dots/ deg 2 and were presented on a black background in a completely darkened room. All viewing was monocular at a distance of 57 cm. Dot position was rendered with a sub-pixel accuracy using an anti-aliasing technique (Georgeson et al., 1996) . The motion of the window was yoked to a short vertical line that served as xation point. In this manner dot motion and window / xation point could be moved independently. Each stimulus presentation started with a stationary xation point shown for 500 ms. In a pursuit interval, the xation point then proceeded to move for 400 ms (the speed in the rst 300 ms was ramped). At this point the dot pattern appeared and remained visible for either 200 or 700 ms. The xation point continued to move for 400 ms after, in an attempt to maintain accurate eye movements during stimulus presentation. Eye-stationary intervals had an identical time-course but contained no window / xation point motion.
Procedure
A speed-matching technique was used to investigate the Aubert-Fleischl phenomenon. Two intervals were presented, the rst consisting of dot pattern, xation point and window all moving with the same velocity and the second with the xation point and window stationary. The speed of movement in the rst interval was xed at 10 ± /s. The speed of the dot pattern in the second was adjusted logarithmically using two interleaved 1-up 1-down staircases. Each staircase was designed to converge on the eye-stationary speed yielding a perceived speed match. This was estimated from the geometric mean of the last eight reversals. Each experimental session yielded two means, one for each staircase.
A nulling technique was used to investigate the Filehne illusion. A single interval was presented consisting of xation point and window moving at 10 ± / s over the moving random dot pattern. The velocity of the latter was adjusted linearly using two interleaved 1-up 1-down staircases, designed to converge on the point at which the stimulus appeared stationary. This was estimated from the arithmetic mean of the last eight reversals.
Data collection lasted about an hour for each observer. In this time three replications each of the Filehne illusion and Aubert-Fleischl phenomenon were completed. Illusion order was counterbalanced across observers. The rst replication in each was treated as practice; data for each individual is therefore the mean across four staircases per illusion. 
Observers
The two durations were examined using different groups of observers. Three older observers were unable to produce reliable speed matches or null velocities and were excluded from further analysis. Of the remaining eleven older observers, seven participated in both duration conditions . Details of mean ages and age-ranges are given in Table 1 . Young observers participated in the experiment for course credit in part requirement for their undergraduate degree in the School of Psychology, Cardiff University. All had normal or corrected-to-normal vision. Old observers offered their services following attendance at the School of Optometry's eye clinic, where they were given a full eye examination to rule out any ocular pathology. All of the older observers had clear ocular media, a normal fundal appearance, a full visual eld and corrected visual acuities of 6/ 6 or better in the test eye. Any with early lens opacities or drusen were excluded from the study. Observers were offered additional refractive correction to compensate for the relatively short viewing distance.
Eye movements
Eye movements were recorded at 50 Hz using a head-mounted video eye tracker (ASL Series 4000). Eye speed was determined by off-line analysis of the eye position records. Each display interval yielded one speed record that was discarded from further analysis if a saccade was detected. The latter was achieved using a velocity threshold of 40 ± /s. Figure 1 shows the results for the Aubert-Fleischl phenomenon (left panel) and Filehne illusion (right panel). Each point is the mean across the individual s making up that group. Open symbols refer to the long duration and closed symbols the short. The data for the Filehne condition exhibit similar trends to those reported by Wertheim and Bekkering. In particular, the magnitude of the Filehne illusion experienced by the older observers is smaller than that experienced by the younger observers and this effect appears more pronounced at the shorter duration. This From their graphs it appears that Wertheim and Bekkering found the greatest age-dependence of the Filehne illusion at 150 ms. However, they did not set out to test this interaction in their correlational design and so it is not clear whether our data fail to replicate Wertheim and Bekkering's on this count or not. What is clear is that the trend is in a similar direction to theirs: if we had used a shorter duration, then we may have found a signi cant interaction. Lastly, the magnitude of the age-effect is smaller than that reported by Wertheim and Bekkering, with only 2 / 11 older observers exhibiting reversals of the illusion. The data for the Aubert-Fleischl phenomenon (left panel) are quite different. There is no effect of age, duration or any interaction (all F s < 1). One possible explanation of the difference between the two illusions is that the eye movements also differed. Assuming a direct relationship between extra-retinal signal size and pursuit speed, a smaller Filehne illusion (in terms of null velocity ) could result from slower pursuit. On the basis of the data in Fig. 1 , we would therefore expect the eye movement data to show the same pattern, with older observers pursing slower than younger observers (and perhaps a suggestion of an age-by-duration interaction). Similarly, we should expect no effect of age of duration on eye movements in the Aubert-Fleischl condition. For technical reasons, such as intrusive re ections produced by some spectacles, we were only able to collect eye movement data from around half of the old observers and two-thirds of the young observers.
RESULTS
1 Hence, some caution must be placed on the conclusions drawn from the eye movement data. With this in mind, the eye-movement data of Fig. 2 only partially salvage the signal-size hypothesis. There are a number of notable features. The gure plots mean pursuit gain (actual eye speed/ pursuit target speed) using similar symbol conventions to Fig. 1 (note that the Aubert-Fleischl phenomenon was investigate d using pursuit and eye-stationary intervals, which explains the additional symbols in the lower region of the left panel). For both age groups, eye movement accuracy was improved when a large background stimulus moved at the same velocity as the pursuit target (compare long and short durations in the Aubert condition). In other conditions , pursuit gain was around 0.8 for the young observers, consistent with previous reports (e.g. Meyer et al., 1985) . At the long duration, pursuit gain declined in the Filehne condition compared to the Aubert-Fleischl condition. This is presumably because the background moved differently to the pursuit target during the collection of the Filehne data, a condition known to effect pursuit gain (Yee et al., 1983) . At short durations, the background probably had less time to exert its deleterious effect which might explain why pursuit gains within each age group are similar across illusion-typ e for the 200 ms duration. The key aspect of the eye movement data, however, is that older observers were far less accurate than young observers (Paige, 1994) . The pattern of the eye movement data could possibly explain the effects found for the Filehne illusion, in that the null velocity declines for the age group with the slower pursuit. There is also a suggestion of the same weak interaction. However, the eye movements cannot explain the Aubert-Fleischl condition. No differences in age or duration were found for this illusion and yet the eye movement data show clear effects.
There is therefore no obvious explanation based on eye movements for the ndings of Fig. 1 . Whilst they might explain one condition, they cannot explain the other. Overall, therefore, the difference found between the two illusions does not provide much support for the idea that signal size explains the changes in Filehne illusion as a function of age and duration.
DISCUSSION
Finding the Aubert-Fleischl phenomenon and Filehne illusion do not exhibit the same dependence on age and duration is puzzling. As argued in the Introduction, both illusions are thought to arise from the mismatch between retinal and extraretinal motion signals. Thus, if one illusion depends on a particular variable then the other should as well. This thinking led Freeman and Banks (1998) to predict reversals in the Aubert-Fleischl phenomenon for very low spatial frequency gratings on the basis of reversals found for the Filehne illusion. Yet we nd an AubertFleischl phenomenon unaffected by age or duration and a Filehne illusion that is. The data therefore provide little support for the signal-size hypothesis . That is, the change in the Filehne illusion does not appear to arise from any straightforward relationship between age, duration and the relative size of retinal and extra-retinal signals.
The method used to assess the Filehne illusion requires observers to judge the head-centred motion of a background pattern while executing an eye movement to a target moving at a different velocity. This method may therefore place greater demands on the observer than that used to assess the Aubert-Fleischl phenomenon and so differentially affect performance. For instance, there is considerable evidence that older observers have dif culty in dividing their attention amongst concurrent tasks (see Woodruff-Pak, 1987) , a feature of the nulling technique. How this should impact on the velocity of the Filehne illusion is unclear. Our data show a weak interaction between age and duration for this illusion, a trend more clearly shown in Wertheim and Bekkering's study. Any explanation based on overall demand may therefore need to include duration as a mediating factor. One would also need to explain why increasing demand leads to a consistent bias and not just a noisier observer. Moreover, to explain the differences between the two illusions in these terms assumes that the method used to assess the Aubert-Fleischl phenomenon is less demanding. This might be the case for the pursuit interval because window, xation point and dot pattern move at the same velocity. However, it is probably not the case of the eye-stationary interval because observers were asked to hold their eye still while judging the speed of the background. Both methods place demands on the observer.
Our data on the Filehne illusion differ from Wertheim and Bekkering's in three important respects. First, they report that their observers exhibited normal pursuit with a mean gain of 0.86. We found large differences between old and young observers commensurate with previous studies of the effect of age on smooth eye pursuit (for summary see Leigh and Zee, 1999) . The fact that our older observers were moving their eyes much slower than those in Wertheim and Bekkering's study might explain why we found a less duration-dependen t Filehne illusion than they did. However, this does not explain why we found no effect of age on the Aubert-Fleischl phenomenon. The second difference is that almost all of Wertheim and Bekkering's older observers reported reversed Filehne illusions compared to just 2 /11 in the present study. The third difference is that at long durations (>600 ms) this was also the behaviour of their younger observers. We did not nd this in the present study and nor have we found it previously when using large stimuli shown for long durations (Freeman, 1999; . It is notable that Wertheim and Bekkering used a large grating presented on a dimly lit screen whereas we typically use dim dots presented on a black background in complete darkness. Large gratings on lit screens can illuminate extraneous, xed references that could be used to judge the motion of the stimulus without need to compare retinal motion to extra-retinal signals. This could explain our unpublishe d observation that null velocity is close to zero if the room lights are turned on during data collection.
We have explored Wertheim and Bekkering's intriguing nding that age and duration determine the velocity of the Filehne illusion. Our experiments support this nding but fail to show a similar dependence in the Aubert-Fleischl phenomenon. Our study therefore questions whether Wertheim and Bekkering's effect can be accounted for by simple changes in relative signal size.
